Rationale Chronic nicotine infusion via transdermal patches has been widely shown to assist with smoking cessation. In particular, transdermal nicotine treatment prior to quitting smoking helps reduce ad libitum smoking and aids cessation Rose et al. (Nicotine Tob Res 11:1067-75, 2009). However, despite this success, the majority of smokers who use transdermal nicotine fail to permanently quit smoking. Additional treatments are needed. Tobacco addiction does not just depend on nicotinic receptor systems; a variety of neural systems are involved, including dopamine, norepinepherine, serotonin, and histamine. Objectives Given the involvement of a variety of neural systems in the circuits of addiction, combination therapy may offer improved efficacy for successful smoking cessation beyond single treatments alone. We have found that pyrilamine, an H1 histamine antagonist, significantly decreases nicotine self-administration in rats. Methods The current study was conducted to confirm the effect of chronic nicotine infusion on ongoing nicotine selfadministration and resumed access after enforced abstinence and to determine the interaction of chronic nicotine with an H1 antagonist treatment. Results Chronic nicotine infusion via osmotic minipump (2.5 and 5 mg/kg/day for 28 days) significantly reduced nicotine self-administration in a dose-dependent manner. Chronic nicotine infusion also reduced the resumption of nicotine selfadministration after enforced abstinence. Chronic pyrilamine infusion (25 mg/kg/day for 14 days) also significantly reduced nicotine self-administration. Conclusion The combination of chronic nicotine and pyrilamine reduced nicotine self-administration to a greater extent than treatment with either drug alone.
Introduction
Tobacco addiction is notoriously tenacious with people addicted to tobacco having a very low success rate of permanently quitting. A few medications such as nicotine replacement (transdermal patch, gum, or other routes), varenicline, and bupropion have been shown to improve the success rate among smokers who want to quit, but success is still quite low (Cahill et al. 2011; Jorenby et al. 2006; Rovina et al. 2009; Stead et al. 2012) . The neural systems underlying addiction are complex and include a variety of transmitter systems (for review, see Koob and Volkow 2010) . Pharmacological treatment for tobacco addiction should reflect this reality. New treatment strategies for tobacco cessation are expanding beyond the sole focus on nicotinic cholinergic systems with a variety of treatments affecting dopaminergic, noradrenergic, serotonergic, glutamatergic, GABAergic, and histaminergic systems as well as others (Levin et al. 2011a; Xi et al. 2009 ).
Given the variety of neural systems involved in tobacco addiction and the variety of promising treatments, it may be the case that combined treatments could have greater efficacy than any one treatment alone. Precedents for combination therapy include the superiority of combination NRT (e.g., patch plus lozenge), NRT plus bupropion, and NRT plus varenicline (Croghan et al. 2007; Ebbert et al. 2014; Koegelenberg et al. 2014a; Piper et al. 2009 ) relative to monotherapy. In the current study, it is hypothesized that nicotine replacement therapy combined with chronic antihistamine treatment might improve reduction in nicotine self-administration. The recent innovative strategy of combining pharmacological treatments targeting different neurotransmitter systems has garnered increased attention at the clinical level for smoking cessation programs. It is thought that combining treatments known to reduce smoking rates on their own would produce additive effects on the behavior. Indeed, recent evidence has validated this approach in both humans and in animal models. Human studies have demonstrated that combination therapy with smoking cessation aids currently on the market results in improved outcomes for abstinence rates when compared to monotherapy (Ebbert et al. 2009; Koegelenberg et al. 2014b; Rose and Behm 2013; . Our studies have validated this treatment strategy in the rat model with two FDAapproved drugs for smoking cessation. We have recently shown that combination treatment with varenicline and bupropion results in a greater reduction in nicotine selfadministration in rats compared to vehicle treatment than treatment with either drug alone (Hall et al. 2015) . Given these previous findings, it is clear that combination therapy targeting different neurotransmitter systems relevant to tobacco addiction remains a promising avenue for development.
Our research has previously shown that systemic administration of pyrilamine, an histamine H1 receptor antagonist, reduces nicotine self-administration in rats (Levin et al. 2011c ); (Cousins et al. 2014) . The rationale for targeting H1 receptors arose from the finding that the antipsychotic drug clozapine reduces smoking in schizophrenic patients (McEvoy et al. 1995) . Clozapine is a multifaceted drug with substantial H1 action (Schotte et al. 1993) . There is also recent evidence demonstrating that pyrilamine blocks nicotine effects promoting catecholamine release (Kim et al. 2014) . H1 receptors appear to play a role in cholinergic activity with regard to spatial cognition (Chen et al. 2001) . Nicotine itself has even been shown to act as a weak competitive antagonist at H1 receptors (Ercan and Turker 1985) . Combining nicotinic with pyrilamine may offer an alternative strategy for smoking cessation treatment.
The current study was conducted to determine how nicotine replacement therapy (NRT) combined with chronic antihistamine treatment would affect nicotine self-administration in rats. We hypothesized that combining these treatments would result in a more efficacious reduction in nicotine self-administration than with either treatment alone. Combinations of effective treatments might provide mutually augmenting effects in aiding smoking cessation.
Methods Subjects
Young adult female Sprague-Dawley rats (Charles River Laboratories, Raleigh, NC, USA) were use for the current studies. The rats started training at 8 weeks of age and finished testing at 14 weeks of age. The rats were singly housed and kept on a reverse 12:12 h day/night cycle (lights off from 7:00 a.m. till 7:00 p.m.),. Rats were fed daily after behavioral testing to maintain a lean health weight adjusted for growth, and were given ad lib access to water. The rats were housed and cared for in conditions in accordance with university, state, and federal regulations.
Behavioral training
Prior to jugular catheterization surgery and nicotine (SigmaAldrich, Inc., St. Louis MO, USA) self-administration sessions, rats were trained to lever press for self-administration of food reinforcement with approximately 12 h of food restriction. The operant conditioning chambers had one active and one inactive lever. The active lever was vertically paired with a cue light, which illuminated when a food pellet was available. Correct lever pressing caused a food pellet to be delivered, a 0.5 s feedback tone was also sounded, and the light went out until another food pellet was available by lever press. The inactive lever did not have an illuminated cue light, and had no effect when pressed. Counts of both lever presses were scored. Prior to food self-administration sessions, rats were placed in chambers for one overnight session, during which the rats were periodically delivered food pellets paired with illumination or darkening of the cue light until the rat learned to associate the illuminated lever with food pellet delivery. A rat passed an overnight session when it successfully pressed the active lever 100 times. Following overnight sessions, the rat must self-administer at least 50 food pellets during three 30-min pellet sessions to proceed to the nicotine selfadministration phase of training.
During self-administration sessions, nicotine was administered to rats via catheter tubing implanted into the jugular vein. Jugular vein catheterization surgery was performed in a sterile, aseptic environment. For surgery, a general anesthesia mix of dexmedetomidine (0.15 mg/kg, i.p.) and ketamine (60 mg/ kg, i.p.) was delivered. A catheter was placed in the jugular vein. The catheter was flushed with heparin in sterile saline and the antibiotic gentamicin to prevent coagulation and infection following surgery. Solutions of 0.03-mg/kg nicotine ditartrate (expressed as nicotine base) was dissolved in sterile saline and adjusted to a standard pH between 7.0 and 7.2 and passed through a 0.22-μ filter to ensure sterilization. The rats transitioned from self-administration of food pellets to nicotine by a similar mechanism. The same delivery chamber was used, and the lever that previously administered a food pellet when pressed now delivered a 0.03-mg/kg/infusion dose of nicotine solution. As before, the opposing lever had no effect. Following each lever press and nicotine delivery, the cue light turned off for 1 min, the house light illuminated, and the lever was inactivated until the cue light illuminated again. Prior to the start of the drug treatment studies, the rats were given five baseline training nicotine self-administration sessions. Before sessions, catheters were flushed with 0.3 ml of 100 units/ml heparinized saline solution. Sessions lasted for 45 min, and responses were measured using MED-PC software (Med Associated, Georgia, VT, USA). Following sessions, nicotine was drawn out of the delivery port and replaced with 0.3 ml of a saline solution containing 8 mg/ml of the antibiotic gentamicin and 500 units/ml of heparin.
Drug treatments
Nicotine ditartrate (Sigma-Aldrich, Inc., St. Louis MO, USA) was chronically infused for 4 weeks via osmotic minipump implanted subcutaneously. The 4-week nicotine infusion was accomplished with the Alzet 2ML4 pump and the 2-week pyrilamine infusion was accomplished by the Alzet 2ML2 pump (Durect, Inc, Cupertino, CA, USA). In the first study, nicotine was infused at doses of 0, 2.5 and 5 mg/kg/day with group sizes of N = 10, 11, and 11 rats, respectively. The 2.5-and 5-mg/kg/day doses of nicotine were selected because this dose range in the rat provides pharmacokinetically and dynamically equivalent doses as moderate smoking in humans (for review see (Matta et al. 2007) ). In the second study with separate rats, two minipumps were implanted. As shown in the timeline below, pyrilamine was infused for 2 weeks with a 2ML2 pump at a dose of 25 mg/kg/day and nicotine was infused for 4 weeks with a 2ML4 pump at a dose of 2.5 mg/ kg/day. There were four treatment groups: placebo control (N = 8), pyrilamine only (N = 10), nicotine only (N = 11) and the combination of nicotine and pyrilamine (N = 10). The drug doses were measured as the base weight. 
Data analysis
The effects of chronic nicotine and pyrilamine infusions on the dependent measure of nicotine infusions taken per session were assessed by analysis of variance for between-subject factors, which were nicotine and pyrilamine dose and repeated measures of daily test sessions or average weekly response.
An alpha level of p < 0.05 was the threshold for significance. Post hoc Dunnett's tests (2-tailed) were used to compare nicotine and pyrylamine doses to control and control alpha level for multiple comprisons.
Results
Experiment 1: chronic nicotine dose-effect
As shown in Fig. 1 , chronic nicotine infusion significantly reduced nicotine self-administration relative to the control group that was implanted with minipumps delivering the saline vehicle. There was a significant min effect of nicotine (F (2, 29) = 8.68, p < 0.005). Dunnett's tests showed that the higher 5 mg/kg/day nicotine treatment significantly decreased rates of IV nicotine self-administration (p < 0.01) and the lower 2.5-mg/kg/day dose significantly (p < 0.05) reduced it as well. There was a significant three-way interaction of nicotine treatment × week of testing × 15-min block within each session (F (8, 116) = 7.60, p < 0.025). Tests of the simple main effects showed that there were significant effects of nicotine at all of the 15-min time blocks during each of the weeks of testing (F (2, 29) week 1 block 1 = 3.82, p < 0.05, week 1 block 2 = 3.36, p < 0.05, week 1 block 3 = 4.61, p < 0.025; week 2, block 1 = 6.97, p < 0.01, week 2, block 2 = 5.57, p < 0.01, week 2, block 3 = 3.77, p < 0.05; resumption, block 1 = 7.99, p < 0.005; resumption, block 2 = 7.21, p < 0.005, resumption, block 3 = 6.16, p < 0.01) The effect of chronic nicotine during the first week of administration was seen most prominently during the later parts of the test session (Fig. 2) . During week 2 and during the resumption period, chronic nicotine self-administration via minipump reduced nicotine Fig. 1 Chronic continuous nicotine infusion (4 weeks at 0, 2.5 or 5 mg/ kg/day, sc. N = 10, 11 and 11, respectively) effects on IV nicotine selfadministration, weekly mean response (mean ± sem) self-administration during the early part of the test session (Fig. 2) .
Experiment 2: chronic nicotine-pyrilamine interactions
This study replicated the finding that chronic sc nicotine infusion significantly reduced IV nicotine self-administration (Fig. 3) . In addition, our previous finding that the H1 antagonist pyrilamine reduced nicotine self-administration (Levin et al. 2011d ) was replicated by the finding of a significant reduction during the 2 weeks of chronic pyrilamine infusion (25 mg/kg/day for 14 days). The main effects of nicotine (F (1, 34) = 14.69, p < 0.001) and pyrilamine (F (1, 34) = 5.12, p < 0.05) were both significant. The combined treatment with nicotine and pyrilamine resulted in the lowest level of nicotine self-administration as shown in the figures of weekly and daily nicotine self-administration (Figs. 3 and 4) .
Pyrilamine was shown to have a preferential effects on active lever responding, causing a significant decrease (p < 0.05) in correct side lever press (no pyrilamine = 14.2 ± 3.0 and pyrilamine = 7.8 ± 1.2), whereas only a trend toward an effect was seen (p = 0.29) with incorrect side-lever press (no pyrilamine = 8.0 ± 2.1 and pyrilamine = 6.1 ± 1.4).
Discussion
The results of the current study demonstrate that combining chronic nicotine and pyrilamine treatment reduces nicotine self-administration in rats. The combination of nicotine and pyrilamine also resulted in a reduced resumption of selfadministration activity after a week of enforced abstinence from nicotine. This study served as a replication of previous studies that have shown that chronic nicotine infusion (LeSage et al. 2002) and chronic pyrilamine infusion (Levin et al. 2011c ) in rats separately cause significant reductions in nicotine self-administration. The current study shows that these two treatments have mutually augmenting effects. Chronic nicotine infusion via sc implanted osmotic minipumps is functionally similar to the zero order kinetic of steady nicotine infusion achieved by nicotine skin patches. As with nicotine skin patches in smokers, chronic nicotine sc infusions with osmotic minipumps significantly reduced nicotine self-administration. The higher nicotine infusion dose (5 mg/kg/day) significantly reduced nicotine selfadministration from the first week of treatment and continued for the second week with an even stronger effect, preventing the rise in self-administration seen in controls during the second week of the treatment phase of the study. Importantly, the efficacy of 5 mg/kg/day of nicotine infusion in significantly suppressing nicotine self-administration continued during the resumed access period after a week of enforced abstinence, which modeled efficacy against relapse. The lower nicotine infusion dose of 2.5 mg/kg/day had a more modest effect, but did provide protection against the rise in nicotine selfadministration seen in controls during the second week of treatment, and like the higher nicotine dose, continued to cause a significant reduction in nicotine self-administration during the resumed access period after a week-long enforced abstinence period. During the first week of treatment, the most reliable effects of chronic nicotine infusion was during the final third of the test session. During the second week and the resumed access period, the chronic nicotine showed expanded effectiveness to include all parts of the test session.
With the use of female rats, the question of the potential role of the estrus phase on nicotine self-administration arises. This factor is likely not a factor in the interpretation of the current study. First of all, the study took place over several weeks during which all the rats in all the groups went through all the phases of the 4-day rat estrus cycle several times. The weekly averages included data from all phases of the cycle. Analysis on this time scale showed the significant drug treatment results as reported. Finally, several studies have directly examined the potential relationship between rat estrus cycle and nicotine self-administration and have not detected a relationship (Donny et al. 2000; Levin et al. 2011b; Rezvani et al. 2008) .
In the study of the combination of chronic nicotine and chronic pyrilamine, both treatments individually caused significant reductions in nicotine self-administration and together had additive effects. The main effects of both treatments showed significant reductions in nicotine self-administration with no interaction indicating simple additivity rather than sub-or supra-additive effects.
This replicated the finding of the first study in this series as well as our previous finding that chronic pyrilamine infusion significantly reduces nicotine self-administration. Combined treatment with both drugs also prevented significant elevations in nicotine self-administration during the second week of testing sessions as well as resumption after a week of enforced abstinence; self-administration rates for these phases of the study remained similar to those during the first week of testing. While there appeared to be greater increases in nicotine self-administration during the second week of testing for rats treated with nicotine or pyrilamine alone than with combined treatment, the results for combined treatment were not found to rise.
Comparisons of the effects of all four drug treatment groups would suggest that chronic nicotine treatment is the primary driver of the reduction in nicotine self-administration, at least at the doses used; pyrilamine augmented this effect in what would appear to be an additive fashion. This outcome was predicted because the animals were already receiving nicotine before they self-administered additional nicotine, which would be expected to attenuate the reinforcing effects of the additional nicotine dose. Interactions of pyrilamine with the system may continue to suppress the effect of selfadministered nicotine. From a human treatment standpoint, these results demonstrate that supplementing nicotine therapy with additional treatment options should result in better outcomes. Indeed, this has been shown in previous studies augmenting nicotine therapy with bupropion (Jorenby et al. 1999; Rose and Behm 2013) and varenicline (Koegelenberg et al. 2014b) . However, given the high degree of variability regarding the efficacy for bupropion and varenicline in the human population, a broader range of options should be available to individuals who may not respond to these treatments.
The mechanism by which pyrilamine lowers nicotine selfadministration may involve pharmacokinetic or pharmacodynamic actions. Pyrilamine has been shown to slow nicotine transport across the blood-brain barrier (Tega et al. 2013) . Pharmacodynamic effects include non-specific sedative effects which would lower all motor activity. A higher dose of pyrilamine infusion (50 mg/kg/day) was shown in an earlier study to cause significant reduction in food self-administration (Levin et al. 2011c ). Because of this, a lower dose of 25 mg/ kg/day was chosen for this study. The potential impact of nonspecific sedative effects of pyrilamine on operant responding was assessed by analysis of correct side and incorrect side lever responding. The pyrilamine caused a significant decrease in correct side responding with no significant effect on incorrect side responding. The H1 histamine antagonist pyrilamine used in this study has been found to inhibit dopamine release when infused into the nucleus accumbens (Galosi et al. 2001) , an effect that may be key in reducing nicotine self-administration.
In conclusion, the results of this study confirm that chronic, combined treatment with nicotine and pyrilamine significantly reduces nicotine self-administration in the rat model. Our results also demonstrate proof of concept that combination treatment, which augments nicotine therapy, may provide a more efficacious avenue for smoking cessation programs. Further research should be directed toward targeting the histaminergic system, which has long been known to have a modulatory role in reward processes in the brain (Cohn et al. 1973; Frisch et al. 1998; Zimmermann et al. 1999) . Indeed, many previous studies have shown a role for this system in the reinforcing properties of other drugs of abuse including cocaine, amphetamine, and alcohol (for review, see Brabant et al. 2010) . The histaminergic system offers a possible alternative pathway for the development of new smoking cessation aids for individuals for whom varenicline and bupropion are ineffective. The relative safety of selective histaminergic agents should render them appropriate candidates for combination treatment with which to augment nicotine therapy.
